Carbon capture and storage systems (CCS) need to handle large volumes of high-pressure CO 2 , and when a vessel containing pressurized CO 2 receives heat load or fails, it is likely to occur boiling liquid expanding vapor explosion (BLEVE). With the characteristics of discontinuity and mutability, CO 2 BLEVE procedure under thermal attack can be qualitatively descripted with a catastrophe model established by the van der Waals equations, which made a good explanation of the mutation process of CO 2 phase transition. Meanwhile, the unstable superheated degree and superheated limit temperature were also obtained, which helped to predict the occurrence and intensity of CO 2 BLEVE. Hence, this will provide theoretical support to accident prevention and control in industrial process.
Introduction
Emission of carbon dioxide is considered to be an important reason for global warming. Currently, as a promising method to CO 2 mitigation, carbon capture and storage (CCS) has been widely used in many countries, which is also applied to enhance oil recovery (EOR). CCS requires handling large volume of high pressure CO 2 [1] , associated with a severe hazard, i.e. the Boiling Liquid Expanding Vapor Explosion (BLEVE) due to the failure of the vessel. A catastrophic rupture of a CO 2 liquid tank occurred in Worms, Germany, in 1988 [2] . This accident caused three fatalities, three months production loss and significant material damage.
Therefore, understanding the mechanisms in a CO 2 BLEVE is important, both to prevent such accidents from occurring and to assessing its consequences. Reid [3] proposed the superheat limit theory, explaining that when a vessel containing a pressure liquefied gas ruptures, the vapor which was hitherto in equilibrium with its liquid begins to blow off. J. M. Salla et al [4] proposed a new approach based on the energy balance in the initial liquid mass to obtain the superheated limit temperature (SLT). Abbasi and Abbasi [5] estimated SLT by using different equation of state (EOS) models and compared the results with experimental values. Pinhasi et al. [6] presented a one-dimensional simulation model with a homogenous boiling model. Xiaoqian Ma [7] , studied liquefied natural gas BLEVE based on catastrophe theory.
Until now, the mechanism of superheated CO 2 BLEVE is not fully understood. The superheat limit theory proposed states that, liquids may be heated above their boiling temperatures if surface nucleation sites are minimized [8] . In such a situation, instantaneous flash of a fraction of the liquid and a superheated liquid vapor explosion takes place. Therefore, to be able to estimate the maximum degree of superheat, termed the superheat limit temperature or SLT, is important. Based on catastrophe theory, this article tries to explain the phenomena of pressure shot up when CO 2 vessel is under thermal attack. A new approach is proposed to obtain the SLT and the unstable superheated degree.
Model
The catastrophe theory is one of the most appreciated theories, which has been widely used and is actually a potential theory to describe nonlinear processes in the field of thermodynamics [9] . Here, basic ideas of catastrophe theory are used to focus on the temperature and pressure of superheated CO 2 when the vessel is under thermal attack.
The metastable state in superheated CO 2 can be described with van der Waals equation [10, 11] 
Where P is pressure (Pa), V is volume (m 3 ), T is absolute temperature, n is number of moles; R is the gas-law constant (R=8.314J K -1 mol -1 ); a=N A 2 a' is a measure of the attraction between the particles; b=N A b' is the volume excluded by a mole of particles; The material constants a and b differ for every material considered, and for carbon dioxide, a=0.36477 Pa m 6 mol -2 , b=42.67 10 -6 m 3 mol -1 [12] ; for simplicity, let n=1, thus Eq. (1) is changed as
Assuming a dimensionless variable
Eq.
(2) can be changed as
Where critical pressure P c =a/27b 2 =7.38 10 6 Pa, and critical temperature T c =8a/27bR=304.7K. Obviously Eq. (4) is the standard form of equilibrium surface of cusp catastrophe. Eq. (4) is schematically shown in Fig. 1. (a) . Therefore, the catastrophe model for phase transition of superheated CO 2 is shown there:
Potential function:
Bifurcation set:
Eq. (7) is shown in Fig. 1 (b) . Fig. 1. (a) shows the cusp-catastrophe model which is described by the equilibrium surface containing fold or pleat, where axes of three-dimensional space are respectively controlling parameters u 1 , u 2 and state variable x (x=V c /V-1). The equilibrium surface of cusp catastrophe is divided into upper surface (U) indicating liquid phase, middle surface (M) indicating transition state and lower surface (L) indicating gas phase. As shown in Fig. 1. (b) , it is obvious that the controlling parameter plane is the projection of a three-dimensional equilibrium surface. Region represents super-cooled liquid; curve (D=0, u 1 <0) and curve (D=0, u 1 >0) represent saturated liquid and saturated gas separately; region and represent metastable state of superheated liquid, gas and liquid coexistent state separately; region represents superheated gas. The changes of their corresponding potential functions are shown in Fig. 2 (a) . The superheat limit temperature of carbon dioxide T lim under corresponding storage pressure which is shown in Fig. 2 (b) is attained according to Eq. (5) and Eq. (7). In equilibrium Eq. (5), controlling parameters u 1 and u 2 are the function of P and T. In Fig. 1. (b) , according to the catastrophe model, first-order phase transition occurs at the dotted line in the region D<0 (i.e. u 1 =0, u 2 <0). Thus, the linear relationship between P and T is derived from Eq. (5), as is shown in Eq. 
Therefore, the unstable superheated degree of CO 2 corresponding to different pressure is obtained from Eq. (8) and shown in Tab. 1. If temperature continues to rise, it will quickly reach the superheat limit under a certain degree of disturbance. The original stable point A in Fig. 2 (a) may become inflection point, so A have to jump directly to another stable point, which means, the way of heat exchange will change from single-phase convection to nucleate boiling, resulting in suddenly increase of evaporation rate. The corresponding stable variable x is equal to 0.9931, thus specific volume of carbon dioxide which just converted to gas phase is obtained to be 0.4216m 3 /kg according to Eq. (3). As can be seen from Tab. 1, the unstable superheated degrees differ from 229.5709K to 269.8122K when the vessel pressures are among 0.101325~4Mpa, and with the increasing pressure, the temperature in the vessel gets higher, more easily to reach the unstable superheated degree.
Conclusion
There were several methods proposed to compute the value of superheat limit temperature, and in this paper, a new approach based on catastrophe theory has been proposed. Taking superheated CO 2 as a system, the cusp catastrophe model can make a good explanation of the mutation process of CO 2 phase transition and it is also used to obtain superheat limit temperature under corresponding container pressure. Furthermore, from the point of mutation dynamics, first-order phase transition occurs when u 1 =0, u 2 <0 and accordingly the unstable superheated degree is obtained under different pressure of CO 2 . By the use of potential function and its derivation function, state variable x of the last stable point is derived and then the corresponding specific volume of CO 2 gas is calculated.
As per superheat limit theory, the intensity of the pressure wave thus generated would depend upon the degree of superheat. It is therefore important to be able to estimate the superheat limit temperature of CO 2 in order to assess the potential hazard when the container is under thermal attack.
